Dengue virus (DENV) is the most prevalent arthropod-borne human virus, able to infect and replicate in human dendritic cells (DCs), inducing their activation and the production of proinflammatory cytokines. However, DENV can successfully evade the immune response in order to produce disease in humans. Several mechanisms of immune evasion have been suggested for DENV, most of them involving interference with type I interferon (IFN) signaling. We recently reported that DENV infection of human DCs does not induce type I IFN production by those infected DCs, impairing their ability to prime naive T cells toward Th1 immunity. In this article, we report that DENV also reduces the ability of DCs to produce type I IFN in response to several inducers, such as infection with other viruses or exposure to Toll-like receptor (TLR) ligands, indicating that DENV antagonizes the type I IFN production pathway in human DCs. DENV-infected human DCs showed a reduced type I IFN response to Newcastle disease virus (NDV), Sendai virus (SeV), and Semliki Forest virus (SFV) infection and to the TLR3 agonist poly(I:C). This inhibitory effect is DENV dose dependent, requires DENV replication, and takes place in DENV-infected DCs as early as 2 h after infection. Expressing individual proteins of DENV in the presence of an IFN-␣/␤ production inducer reveals that a catalytically active viral protease complex is required to reduce type I IFN production significantly. These results provide a new mechanism by which DENV evades the immune system in humans.
Dengue virus (DENV), a member of the Flaviviridae family and grouped within the Flavivirus genus (27) , is the most prevalent arthropod-borne human virus with significant medical and biodefense importance (8, 27) . DENV is transmitted by mosquitoes, usually Aedes aegypti, with an estimated 100 million cases per year and 2.5 billion people at risk (53) . Clinical manifestations include dengue fever, a febrile illness with rash, and dengue hemorrhagic fever, a severe and often lethal illness (53) . There are four DENV serotypes (DENV1 to -4), and infection with one serotype confers life-long protection against that serotype at least by the induction of neutralizing antibodies (17) . Currently there is no vaccine or effective antiviral treatment against this virus, and the most effective protective measures involve mosquito control.
The DENV genome is a positive-strand RNA molecule of about 11 kb in length, with one single open reading frame (ORF) flanked by 5Ј and 3Ј nontranslated regions (27) . After viral infection and the release of the viral nucleocapsid into the cytosol, a 3,391-amino-acid (aa)-long polyprotein is translated from the viral RNA at the surface of the endoplasmic reticulum (ER) (27) . This polyprotein is cleaved into three structural (C, prM, and E) and seven nonstructural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) proteins due to the combined and coordinated activities of host cell proteases in the ER and the viral protease complex (NS2B3) in the cytoplasm (27) . The viral protease cleavages are mediated by the catalytic triad (His-51, Asp-75, and Ser-135) of the serine protease N-terminal domain of NS3 (56) , with a hydrophilic segment of 40 residues from the transmembrane NS2B protein acting as a cofactor (55) .
Dendritic cells (DCs) are the most potent antigen-presenting cells. They become activated after pathogen detection, and they migrate to the lymph nodes, where they activate CD4 ϩ and CD8 ϩ T lymphocytes, triggering adaptive immune responses (3) . The phenotypic changes of DC activation include upregulation of major histocompatibility complex (MHC) class I and II molecules and costimulatory molecules, as well as the release of proinflammatory cytokines and chemokines that further potentiate their ability to stimulate T lymphocytes (3) .
Secretion of type I IFNs (alpha and beta interferon [IFN-␣/␤])
by DCs contributes to the generation of antiviral innate and adaptive immune responses (13, 23) . DCs have been considered target cells for DENV infection (54) , and several groups have identified membrane-bound molecules that enhance the infectivity of DCs and other cells by DENV, as is the case for dendritic cell-specific intercellular adhesion molecule-3-grabbing nonintegrin (DC-SIGN) (36, 50) . In a recent study, we showed that human monocyte-derived DCs are also productively infected by DENV, and they showed a distinct activated phenotype, with production of proinflammatory cytokines and chemokines, with the exception of type I IFNs (44) . Interestingly, DC activation seems to be different in DENV-infected DCs from that in bystander DCs, with a preferential upregu-lation of costimulatory and HLA molecules on bystander cells (38) . Additionally, a pattern of tumor necrosis factor alpha (TNF-␣) and IFN-␥-inducible protein 10 (IP-10) production in bystander DCs that is different from that in DENV-infected DCs has been reported (37) .
The important role played by IFN-␣/␤ in antiviral host defense has been extensively reviewed elsewhere (1, 6, 15, 43) . Recognition of viral components by membrane-associated and/or cytosolic pattern recognition receptors (PRRs) triggers type I IFN production in infected cells. Our current understanding indicates that TLR3 recognizes double-stranded RNA (dsRNA) in endocytic compartments, MDA5 recognizes long dsRNA in the cytoplasm, and RIG-I senses phosphatecontaining dsRNA in the cytoplasm (6) . In the case of DENV and other flaviviruses, like West Nile virus (WNV), both RIG-I-and MDA5-mediated detection has been described (28) . After viral recognition, activation of IFN regulatory factor 3 (IRF-3), IRF-7, NF-B, and activating transcription factor 2 (ATF-2)/c-Jun transcription factors is induced by different pathways, leading to type I IFN production. Binding of secreted IFN-␣/␤ to the IFN receptor triggers a signal that is transduced by the JAK/STAT pathway, eventually leading to the expression of hundreds of interferon-stimulated genes (ISGs) with antiviral properties, effectively establishing the antiviral state in that cell (1) . To counteract this potent antiviral response, viruses have evolved to develop a variety of mechanisms to overcome the antiviral state elicited by IFN-␣/␤ (9, 14, 15) . Often, viruses are able to express proteins that interfere with the type I IFN induction pathway, such as the influenza A virus NS1 protein (16) , poxvirus E3L protein (24) , or the VP35 protein of Ebola virus (5) . Additionally, the type I IFN signaling pathway may also be targeted by viruses via the expression of IFN antagonist proteins acting at the level of STAT proteins, inducing STAT degradation or inhibiting the JAK kinases (9, 19, 26) .
We and others have demonstrated that DENV is a weaker inducer of type I IFN responses after infection of human DCs, with minuscule production of IFN-␣/␤ (20, 44, 49) , especially compared to other viral infections capable of inducing significant levels of type I IFN, such as that of Newcastle disease virus (NDV) (13) , Sendai virus (SeV) (30) , or Semliki Forest virus (SFV) (18) . This absence of type I IFN production by DENV-infected DCs resulted in an impaired ability of those DCs to prime T cells toward Th1 immunity, which was reversed by the addition of exogenous IFN-␤ (44). We have demonstrated in a primary human cell system that infection of human DCs with DENV did not induce IRF-3 phosphorylation, resulting in an inhibition of type I IFN production after DENV infection (44) . Contrary to the knowledge gap regarding the pathway for IFN-␣/␤ induction by DENV, several DENV proteins that inhibit type I IFN signaling have been identified (32) . NS4B inhibits STAT-1 phosphorylation in vitro (33, 34) , and STAT-2 degradation has been observed in DENV-infected cells (21) , an action elicited by the DENV protein NS5 (2, 31) . In human DCs, DENV infection antagonizes IFN-␣/␤ but not IFN-␥ signaling by inhibiting Tyk2-STAT (19) .
In the current study, we explore the ability of DENV-infected DCs to respond to a variety of type I IFN-triggering signals. Our results demonstrate not only that DENV-infected DCs fail to produce type I IFN but also that they have reduced type I IFN production upon secondary infection or stimulation even when potent stimulators such as NDV, SeV, SFV, or TLR-3 ligand poly(I:C) are used. This effect is DENV dose dependent and takes place as early as 2 h after DENV infection. Also, we demonstrate that the inhibition of IFN production after NDV infection in DENV-infected DCs is not a bystander effect, suggesting a direct role of the DENV-infected DC population in the inhibition of IFN-␣/␤. Last, we show that the inhibition of IFN production in DCs by DENV is dependent on a catalytically active NS2B3 protein complex. These results provide new insight into the mechanism by which DENV evades immune recognition in human DCs.
MATERIALS AND METHODS
Cell lines. Vero, Madin Darby canine kidney (MDCK), 293T, and 293T cells stably transfected with a firefly luciferase reporter gene driven by the IFN-␤ promoter (293T-IFN-␤-Luc cells; Juan Ayllon and Adolfo Garcia-Sastre, unpublished data) were cultured in Dulbecco's modified essential medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Baby hamster kidney cells (BHK) were grown in Glasgow minimal essential medium (MEM) supplemented with 5% FBS, 10% of tryptose phosphate broth, and 20 mM HEPES. Mosquito cells derived from Aedes albopictus, clone C6/36, were expanded at 33°C in RPMI medium with 10% FBS. All media were supplemented with 100 U/ml of Lglutamine and 100 g/ml of penicillin-streptomycin. All tissue culture reagents were purchased from Invitrogen.
Generation of monocyte-derived dendritic cells. Human monocyte-derived DCs were obtained from healthy human blood donors (New York Blood Center), following a standard protocol as previously described (44) . Briefly, after Ficoll-Hypaque gradient centrifugation, CD14 ϩ cells were isolated from the mononuclear fraction using a MACS CD14 isolation kit (Milteny Biotec) according to the manufacturer's instructions. CD14 ϩ cells were then differentiated to naive DCs by incubation during 5 to 6 days in DC medium (RPMI supplemented with 100 U/ml L-glutamine, 100 g/ml penicillin-streptomycin, and 1 mM sodium pyruvate) with the presence of 500 U/ml human granulocyte-macrophage colony-stimulated factor (GM-CSF) (PeproTech), 1,000 U/ml human interleukin 4 (IL-4) (PeproTech), and 4% human serum serotype AB (Cambrex). The purity of the DCs was confirmed by flow analysis and at least 99% of DCs were CD11c 
Virus preparations.
Dengue virus serotype 2 (DENV-2) strain 16681 was used in this study. DENV-2 virus was grown in C6/36 insect cells for 6 days as described elsewhere (11) . Briefly, C6/36 cells were infected at a multiplicity of infection (MOI) of 0.01, and 6 days after infection, cell supernatants were collected, clarified, and stored at Ϫ80°C. DENV was titrated in Vero cells by immunofluorescence using the DENV E-protein-specific antibody 4G2 (ATCC). Briefly, monolayers of Vero cells were infected with serial dilutions of DENV-2 for 18 h. After washing, cells were fixed, permeabilized, and blocked. Cells were incubated with the DENV-2-specific monoclonal antibody for 1 h, and an antimouse IgG-fluorescein isothiocyanate (FITC) linked antibody was used as a secondary antibody (Invitrogen). Virus titers were determined by direct counting of FITC-positive cells. Also, the titers of DENV-2 stocks were determined by limiting-dilution plaque assay on BHK cells (10) . Recombinant Newcastle disease viruses (NDV) B1 (Hitchner vaccine strain), recombinant NDV expressing green fluorescent protein (GFP) (NDV-GFP), influenza viruses A/PR8/34 lacking the NS1 gene (⌬NS1), Sendai virus (SeV), and Semliki Forest virus (SFV) expressing GFP have been previously described (16, 35, 39, 48) . NDV and SeV viruses were grown in 9-day-old embryonated chicken eggs (Spafas Charles River). NDV and NDV-GFP viruses were titrated by immunofluorescence in Vero cells. SeV was titrated by hemagglutination assay (HA), and stocks with more than 12 HA wells were used for the experiments. Influenza A virus lacking the NS1 gene was grown in 6-day-old embryonated chicken eggs (Spafas Charles River) and titrated by immunofluorescence in MDCK cells. SFV-GFP was generated as described previously (48) and titrated in BHK cells by immunofluorescence (45) .
Cloning of mammalian expression plasmids and NDV vectors coding for DENV proteins. Plasmid coding for TLR3 was previously described (47) and was kindly donated by Christopher F. Basler. Mammalian expression vectors coding for DENV proteins were generated using standard molecular biology methods. Some DENV proteins (prM, E, and NS1) were expressed fused with the transmembrane (TM) domain of the previous protein. Table S1 in the supplemental material. Reverse primers contained an HA tag sequence (ATGTACCCTTATGATGTCCCAGATTA TGCCTAA), and forward primers contained a Kozak sequence (CCGCCACC), in order to facilitate expression. Both forward and reverse primers contained specific restriction sites to facilitate cloning into pcDNA3.1 (Invitrogen). Mutations in the NS2B3 protein were introduced using the QuikChange site-directed mutagenesis kit (Stratagene) according to the manufacturer's instructions. NDVbased vectors were generated similarly from RNA isolated from DENV stocks using primers listed in Table S2 in the supplemental material. The NDV cDNA sequence was derived from the mesogenic Hitchner B1 strain, engineered to express the modified F cleavage site (F3aa), as previously described (40) . PCR fragments were inserted as an additional transcription unit into the unique XbaI restriction site between the P and M genes in the full-length plasmid, pT7NDV/ F3aa. Viruses were rescued using an established method of reverse genetics (35) . NDV vectors expressing DENV proteins were grown and titrated as described above. All experiments with these recombinant NDV viruses were performed when these viruses were still classified as biosafety level 2 (BSL-2) agents. Infection of dendritic cells. Human DCs were obtained as described above, and at day 5 of culture, samples of 5 ϫ 10 5 cells were resuspended in 50 l of DC medium and were infected for 1 h at 37°C with the indicated MOI of DENV (diluted in DC media) or with DC medium (mock group) in a total volume of 100 l. After the adsorption period, DC medium supplemented with 4% human serum (HS) was added up to a final volume of 500 l, and cells were incubated for the appropriate time (between 0 and 24 h) at 37°C. NDV infection was done as follows. After centrifugation of the DENV-or mock-infected DCs at 3,500 rpm for 5 min, medium was removed and cells were infected with NDV-GFP virus at a MOI of 1 during 45 min in a total volume of 100 l of DC medium. The control group received 100 l of medium. After infection, 400 l of DC medium with 4% HS was added, and cells were incubated for 18 h at 37°C. At the end of the incubation, cells were centrifuged at 3,500 rpm for 5 min, and cell supernatants were collected and stored until processed. Cell pellets were used for RNA extraction or fluorescence-activated cell sorter (FACS) analysis as described below. For some infections, DENV was inactivated by UV irradiation from a germicidal lamp (15 min at 6 in.). Virus inactivation was verified by immunofluorescence on Vero cells. All infections were performed in triplicate in at least three independent donors.
Infection of dendritic cells in transwell plates. Infection in the transwell plate experiments were performed as follows. Samples of 5 ϫ 10 5 DCs were mock-or DENV-infected as described above (MOI of 1 for 1 h). After virus adsorption, 5 ϫ 10 5 naive DCs were seeded in the lower compartment of the transwell plate, and 5 ϫ 10 5 mock-or DENV-infected cells were seeded in the upper compartment in a total volume of 1 ml per well. Transwell plates were incubated for 12 h at 37°C, and then DCs from each independent compartment were collected and either infected as described above with NDV-GFP (MOI of 1) or mock infected. Following 18 h of incubation, the supernatant and cells were collected for posterior analysis. All infections were performed with at least three independent donors with three experimental replicates per infection.
Quantitative RT-PCR and analysis of cytokine production. RNA isolation was performed using the Absolutely RNA Microprep kit (Stratagene) according to the manufacturer's instructions. Viral and host RNA expression levels were quantified by quantitative RT-PCR (qRT-PCR) as described previously (44) . Where indicated, qRT-PCRs were carried out using iQ SYBR green supermix (Bio-Rad) after retrotranscription of isolated RNA with the iScript cDNA synthesis kit (Bio-Rad) in a CFX96 real-time PCR detection system (Bio-Rad) according to the manufacturer's indications. Expression levels were calculated based on the ⌬⌬C T values using three different housekeeping genes (rsp11, ␤-actin, and ␣-tubulin genes) to normalize the data. The presence of IFN-␣ in cell supernatants was measured using the panspecific human IFN-␣ enzymelinked immunosorbent assay (ELISA) kit (Mabtech) according to the manufacturer's indications.
Flow cytometry. DENV-infected DCs were fixed and permeabilized with Cytofix and Cytoperm reagent (BD Pharmingen) according to the manufacturer's recommendations. Then, cells were stained with 4G2 (ATCC), a mouse monoclonal antibody specific for the E protein, as a primary antibody and an Alexa555-labeled anti-mouse antibody as a secondary antibody. NDV-GFP-infected DCs were analyzed either directly by GFP visualization or after fixing and permeabilization as described above. To measure cell surface expression markers, infected or noninfected DCs were stained with phycoerythrin (PE)-or FITC-conjugated monoclonal antibodies to CD86, CD83, HLA-ABC, HLA-DR, CD11c, and CD14 (Beckman Coulter). Mouse IgG1, IgG2a, and IgG2b were included as isotype controls. Staining for apoptotic cells was performed using PE annexin V (BD Pharmingen), and a positive control of induction of apoptosis with an anti-CD95 (FAS) antibody was included according to the manufacturer's instructions. Alexa555-, GFP-, PE-, and/or FITC-positive cells were analyzed using the Flowjo software program (Tree star) after sample acquisition on a FACScan flow cytometer (BD Pharmingen).
Transfections and type I IFN antagonist assay. 293T cells were transfected by using Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's specifications. A type I IFN production antagonist assay was performed as described previously (5) . Each transfection of 5 ϫ 10 5 cells contained 0.2 g of the IFN-␤ promoter expressing a firefly luciferase reporter plasmid (34), 0.2 g of the Renilla luciferase reporter plasmid pRL-Tk (Promega), and 1 g of the indicated pcDNA expression plasmid coding for DENV proteins. To induce IFN-␤ promoter activity, cells were infected 24 h posttransfection with SeV at a MOI of 1. For TLR3-mediated IFN-␤ induction, 0.5 g of pcDNA expressing a TLR3 plasmid (47) was included in the initial transfection, and 24 h later, cells were cultured in the presence of 25 g/ml of poly(I:C) as described previously (47) . In some experiments, the stably transfected 293T-IFN-␤-Luc cell line was used. Cells were harvested and lysed in reporter lysis buffer (Promega) 24 h after the induction of the IFN-␤ promoter. Luciferase assays were performed by using the Promega luciferase assay system according to the manufacturer's directions.
Western blot analysis. Transfection of 293T cells and infection of human DCs was performed as described above. Cell lysates were obtained after incubation of cells with RIPA lysis buffer (Sigma Aldrich) supplemented with complete protease inhibitor (Roche) and were resuspended in a total of 50 l of Laemmli sample buffer (Bio-Rad). Crude lysates were boiled for 10 min and then kept on ice. Each sample was loaded in a polyacrylamide-SDS gel, and the proteins were electrophoretically separated by conventional methods. Proteins were transferred to nitrocellulose, and blots were blocked in 5% fat-free milk and 0.5% Tween 20 in phosphate-buffered saline (PBS). Incubations with anti-HA, anti-␤-actin (Sigma Aldrich), anti-IRF-3, and anti-IRF-3-P (Cell Signaling) were performed in blocking buffer at 4°C overnight on a rotating platform. Blots were washed three times for 10 min with PBS-0.05% Tween 20, incubated for 1 h with goat anti-rabbit or goat anti-mouse antibody (Amersham Bioscience), and washed again three times. Antibody-protein complexes were detected using a Western Lighting chemiluminescence system (Perkin Elmer).
Statistical analysis. Statistical analysis was performed using Student's t test or one-way analysis of variance (ANOVA), followed by Student's t tests between required samples. As indicated in figure legends, an asterisk represents a P values of Ͻ0.05, while double asterisks represent a P value of Ͻ0.01.
RESULTS

Infection of DCs with DENV does not induce type I IFN production.
We recently showed that infection of human DCs with DENV resulted in upregulation of costimulatory molecules and production of proinflammatory cytokines without type I IFN production (44) . To further determine the potential contribution of the viral load in the production of IFN-␣/␤ by infected cells, DCs were infected with increasing MOIs of DENV, and the levels of infectivity and replication of DENV, as well as the induction of type I IFN, were analyzed on those DCs (Fig. 1) . Flow cytometry analysis revealed a MOI-dependent infectivity of DCs by DENV reaching almost 80% 24 h after infection with a MOI of 25 (Fig. 1A) . The number of infected cells with a MOI of 5 was slightly lower (73.77%), indicating that the infectivity is most likely saturated at a MOI of 5. In agreement with the flow cytometry analysis, we observed a MOI-dependent DENV replication by qRT-PCR (Fig. 1B) with increasing DENV RNA levels between 24 h and 48 h after infection. Again, the RNA levels 24 h after infection with a MOI of 5 were similar to those observed with a MOI of 25, confirming the likelihood of having reached a plateau at a MOI of 5 (Fig. 1A) . On the other hand, the levels of IFN-␣ in the supernatants of DENV-infected DCs were very low (Ͻ25 pg/ml) at any of the tested MOI or time points (24 h or 48 h). However, NDV-infected DCs produced high levels of IFN-␣ (2,000 pg/ml at 48 h), indicating that DCs were able to react to IFN-inducing stimulus (Fig. 1C) . Additionally, we measured IFN-␣ and IFN-␤ RNA levels on those DENV-infected DCs 24 h and 48 h after infection ( Fig. 1D and E) , and the levels of expression were almost undetectable, even when a MOI of 25 was used. These data confirm that DENV is not able to induce the production of type I IFN after infection of human DCs even when high doses of virus were used.
DENV infection inhibits type I IFN production in DCs after
NDV infection. In order to investigate if the inhibition of type I IFN production after DENV infection resulted in a general inhibition of the IFN pathway in those infected DCs, we performed a secondary infection with NDV expressing GFP (NDV-GFP) 12 h after infection with DENV, both at a MOI of 1. NDV was used since this virus is not only a great inducer of type I IFN production in DCs (13) but is also very sensitive to the antiviral effects of type I IFN (39) . Mock-infected DCs or singly infected DCs with each virus were used as controls. RNA and protein levels of IFN-␣/␤ produced in infected DCs 18 h after NDV infection were analyzed, and we observed that the DCs that were previously infected with DENV had on average 59% lower levels of IFN-␤ RNA than DCs singly infected with NDV ( Fig. 2A) . The IFN-␣ RNA levels were also reduced in the cells infected with both viruses, with an average of 58% inhibition ( Fig. 2A) . On the other hand, no significant IFN-␣/␤ levels were observed after DENV infection or in the uninfected cells ( Fig. 2A and B) . These results were also confirmed at the protein level, where the presence of DENV reduced significantly the amount of IFN-␣ that was produced by the DCs in response to NDV (Fig. 2B) . The average reduction of IFN-␣ at the protein level was 54%. Although the variability in gene expression and protein production of type I IFN within donors is high (Table 1) , the relative values of inhibition of type I IFN production observed after a secondary infection with NDV in previously DENV-infected DCs were comparable (Table 1 ; see also Fig. S1 in the supplemental material). Since we have recently described that DENV infection of DCs does not induce IRF-3 phosphorylation (44), we analyzed the IRF-3 phosphorylation levels in each group. As expected, no IRF-3 phosphorylation was observed after DENV infection, and reduced levels of phosphorylated IRF-3 were observed after NDV infection of previously DENV-infected DCs compared to results for NDV-infected ones (Fig. 2C) . The quantification of the bands by densitrometic analysis revealed a 37% reduction of the phosphorylated IRF-3 levels ( Fig. 2C) . These results support that DENV infection interferes with IRF-3 phosphorylation in human DCs (44) . Moreover, the inhibition of type I IFN observed in DENV-infected DCs after a secondary infection was DENV replication dependent, since infection of DCs with UV-inactivated DENV did not reduce the amount of IFN-␣ in response to NDV infection (Fig. 2B) . These results suggest that infection of human DCs with DENV affects the type I IFN induction pathway by reducing the ability of infected cells to respond to a secondary infection. Characterization of the type I IFN inhibition after NDV infection of DENV-infected DCs. To further characterize the inhibition of type I IFN production seen after NDV infection in human DCs previously infected with DENV, we analyzed the contribution of the DENV dose. Thus, DCs were infected with different MOIs of DENV (0.2, 1, 5, and 25), and 12 h later they were subsequently infected with NDV at a MOI of 1 as in previous experiments. IFN-␣ protein levels were measured in the cell supernatants 18 h after the secondary infection (Fig.  2D) , and we observed that the ability of DENV infection to inhibit IFN-␣ production in DCs was directly correlated with the MOI of DENV used for the infection, as shown by the decrease in IFN-␣ production from 55% with a DENV MOI of 25 to 26% when a MOI of 0.2 was used. Mock-and DENVinfected DCs without subsequent infections did not produce significant amounts of IFN-␣. A similar inhibition was observed when a MOI of 5 or 25 was used, indicating that a plateau was reached at a MOI of 5. Additionally, we studied the role that time between infections had on the inhibition of type I IFN production. DCs were infected with NDV at different times following the primary infection with DENV, from 0 to 24 h. With a time lapse as short as 2 h, a 40% inhibition of IFN-␣ protein production was observed (Fig. 2E) , indicating that this inhibition starts at early times after DENV infection. Comparable levels of inhibition were observed when longer times of incubation between infections were performed (Fig.  2E) , further supporting that the inhibitory effect on type I IFN production is an early event after DENV infection. To demonstrate that the ability of DENV to reduce IFN production after a secondary infection or stimulus is not limited to NDV, a variety of IFN-␣/␤ inducers recognized through different PRRs by DCs were tested. As established in our prior experiments, DCs were infected with DENV at a MOI of 1, and 12 h later, DCs were stimulated via RIG-I by different viruses (NDV, SeV, and influenza A virus lacking the NS1 protein [⌬NS1]) (28), via MDA5 (Semliki Forest Virus [SFV-GFP]) (28, 46) , and via TLR3 by its well-characterized ligand poly(I: C). Under all the conditions tested, DENV-infected DCs showed an impaired response against the secondary stimuli (Fig. 2F ). Secondary infections with ⌬NS1 or SFV resulted in inhibition similar to that observed against NDV, approximately 50%. After triggering IFN-␣/␤ production with SeV, the inhibition was slightly lower (37%), but interestingly, after poly(I:C) treatment, the inhibition was increased up to 85%, indicating that DENV-infected DCs not only had an impaired response against RIG-I-and MDA-5-mediated induction but also inhibited TLR3-mediated type I IFN production. These data suggest that DENV-infected DCs have an impaired type I IFN response against secondary stimuli that are recognized by a variety of PRRs.
Enhanced NDV replication in doubly NDV-and DENVinfected DCs. Our data of reduced type I IFN production in DENV-infected DCs after NDV infection could reflect an inability of NDV to infect those cells. Thus, we tested the levels of NDV RNA in DCs previously infected with DENV. Samples were collected 18 h after secondary infection, and the levels of viral RNA were analyzed by qRT-PCR (Fig. 3A and  B) . Independently of the presence or absence of a secondary infection, the levels of DENV RNA were similar in the two groups (Fig. 3A) . Interestingly, NDV RNA levels were about 4 times higher in the group that was previously infected with DENV than in DCs infected exclusively with NDV (Fig. 3B) . These data are in accordance with the observation that the replication-dependent GFP intensity after NDV-GFP infection was higher when the DCs were previously infected with DENV than in the singly infected DCs with NDV ( Fig. 3C and  E) . To test if the increased NDV RNA levels and the higher GFP intensity reflected a greater percentage of infection or more-efficient NDV replication, we quantified the percentage of positive cells for each virus in every group by flow cytometry (Fig. 3C and D) . Our data show that the percentage of DCs infected only with one virus was 57.2% DENV ϩ or 59.5% NDV ϩ , but when DENV-infected DCs were subsequently infected with NDV, the distribution was 20.6% DENV ϩ , 20.2% NDV ϩ , and 37.8% DENV ϩ NDV ϩ . Since the frequency of DCs infected by NDV in the absence of DENV (59.5%) or in the presence of DENV infection (20.1% NDV ϩ plus 37.8% DENV ϩ NDV ϩ ) was unchanged, these data indicate that NDV was replicating more efficiently in those DCs that were previously infected with DENV. Furthermore, the percentage of DENV-positive DCs was similar in both DENV-infected groups, independently of the secondary NDV infection, correlating with the similar RNA levels seen in Fig. 3A . Taking together, these data also support the lack of type I IFN production in DENV-infected DCs, since both DENV-infected and noninfected neighbor cells can be also infected with the very IFN-sensitive virus NDV (39) , indicating that there is no induction of an antiviral state in those DCs after DENV infection. a Percentage of IFN-␣ protein production in DENV-NDV group relative to that in the mock-NDV group.
b Percentage of inhibition of IFN-␣ production in the DENV-NDV group relative to that in the mock-NDV group.
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Inhibition of type I IFN production after NDV infection is not a bystander effect. Since several bystander effects have been described for DENV in DCs (37, 38), we tested if DENVuninfected bystander cells also exhibited inhibition of type I IFN production upon a secondary infection. Thus, we performed experiments where DCs were seeded in the lower chamber of a transwell culture plate with a membrane between the two chambers that allows the diffusion of components in the culture medium but does not allow cell-to-cell contact (7) . Other DCs were mock-or DENV-infected for 1 h in a sterile vessel and, following thorough washing to remove any excess DENV, were placed in the upper chamber of the transwell plates (Fig. 4A) . Thus, after 12 h of culture, DCs from each chamber were collected separately and subsequently mock or NDV infected. Supernatants and RNA samples were analyzed 18 h after NDV infection. Analysis of viral RNA showed that DENV potentially budding from the upper compartment was not diffusing through the membrane and infecting DCs located in the lower chamber of the transwell plate when DENVinfected DCs were seeded in the upper compartment (Fig. 4B) , indicating that any effect or change observed in the DCs in the lower chamber is not due to DENV infection of those cells.
FIG. 4. Inhibition of type I IFN production by DENV after NDV infection is not a bystander effect. (A)
Schematic representation of the experimental procedure in the transwell plates. Naive DCs were seeded in the lower chamber of a transwell culture plate with a membrane between the two chambers that allows the diffusion of components in the culture medium but does not allow cell-to-cell contact. Treated DCs were mock or DENV infected for 1 h and following thorough washing were placed in the upper chamber of the transwell plate. All transwell plates were cultured for 12 h, and each chamber was collected separately and subsequently mock (white bars) or NDV (black bars) infected. (B to E) Analysis of DENV NS5 RNA levels (B), NDV HN RNA levels (C), IFN-␣ protein levels (D), and IFN-␣ RNA levels (E) was done by measuring 18 h after mock or NDV infection in each chamber. Error bars represent standard deviations for three sample replicates from a representative donor. * , P Ͻ 0.05.
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on September 23, 2017 by guest http://jvi.asm.org/ NDV RNA was detected in both the upper and lower compartments that were directly infected with this virus (Fig.  4C) . However, the previously seen enhancement in Fig. 2B when DCs were previously infected with DENV was not observed in those DCs that were incubated in the lower chamber and were exposed to any released factors by the DENV-infected DCs in the upper chamber (Fig. 4C) . These data indicate that the enhancement of NDV RNA levels in DENV-preinfected DCs is not due to a soluble factor released from DENV-infected DCs that increases NDV replication. Moreover, inhibition of type I IFN production was observed only in those groups of cells directly infected with DENV and subsequently with NDV and not in those DCs sharing the culture medium with DENV-infected DCs ( Fig.  4D and E) . These results show that the inhibition of type I IFN production in DENV-infected DCs after a secondary infection takes place only on those DCs that are directly infected with DENV, suggesting that DENV by itself and/or some DENV-induced factor on DCs is inhibiting type I IFN production upon secondary infections/stimuli. DENV NS2B3 protease complex reduces type I IFN production on DCs. Since we demonstrated that the inhibition of type I IFN production in DENV-infected DCs after a secondary infection takes place only on those DCs that are doubly infected, we further investigated the IFN antagonist properties of individual DENV proteins. Thus, we used a strategy based on NDV vectors, similar to the one previously used for the influenza A virus NS1 protein (13) . We generated NDV vectors (35) coding for the nonstructural DENV proteins NS1, NS2A, NS2B3, NS4A, and NS4B. Due to the complex topology of the DENV polyprotein and the requirement of a proper localization in the ER and the proper cleavage by host and viral proteases for its function (27) , some of the DENV proteins were expressed fused with the transmembrane (TM) domain of the previous protein, as explained in Methods. PCR fragments were inserted using the unique XbaI restriction site (Fig. 5A) , and the ability of those recombinant viruses to induce type I IFN production after infection of human DCs was tested. The NDV vector expressing the DENV NS5 protein could not be rescued after several attempts, probably due to the insert size limitation in our NDV vector. As a positive control, an NDV vector coding for the influenza A NS1 protein (NDV-NS1flu) was included (13) . DCs were infected with each virus at a MOI of 1, and expression of the different DENV proteins was confirmed 18 h after infection by Western blotting (Fig. 5B) . Also, NDV RNA levels were quantified by qRT-PCR and showed comparable levels of replication for NDV-GFP and NDV vectors expressing DENV proteins (Fig. 5C ). NDV-NS1flu showed higher replication levels, most likely due to its strong inhibition of type I IFN production and the ability of influenza virus NS1 to preferentially enhance viral mRNA processing (12) . IFN-␣ protein levels were measured in supernatants from those NDV-infected DCs, and we observed a 35% significant reduction in IFN-␣ production when the NDV-NS2B3 vector was used (Fig. 5D) , indicating an IFN antagonist activity of the NS2B3 protein complex of DENV, which also correlated with the slightly higher NDV RNA levels observed in DCs after infection with NDV-NS2B3 (Fig. 5C) . Moreover, this reduction in the IFN-␣ protein levels was not a consequence of a higher induction of apoptosis in those NDVinfected DCs, since the levels of apoptotic cells (annexin Vpositive cells) were similar after NDV-GFP and NDV-NS2B3 infection (Fig. 5E) .
DENV NS2B3 protease complex mediates type I IFN inhibition on 293T cells. We moved to an in vitro system to further investigate the role of the DENV NS2B3 protease as well as those of other DENV proteins. This approach also allowed us to test additional DENV proteins that could not be successfully incorporated into NDV vectors using our reverse genetics system. Thus, we generated mammalian expression vectors coding for different DENV proteins that could be tested in a type I IFN production antagonist assay in 293T cells (5) . First, we tested if DENV by itself was able to block type I IFN production in 293T cells containing the firefly luciferase reporter gene under the control of the IFN-␤ promoter (293T-IFN-␤-Luc). Thus, 293T-IFN-␤-Luc cells were infected with DENV at a MOI of 5, and DENV replication, as well as luciferase production, was measured. We observed that DENV was able to replicate in these 293T-infected cells (Fig. 6A) , with more than 80% of the cells infected (data not shown). However, no IFN-␤ promoter activity was induced by DENV during the first 24 h after infection (Fig. 6B) as measured by luciferase expression. Minimal increased levels of luciferase were observed at later times after DENV infection compared to results for mockinfected cells (Fig. 6B) , which was irrelevant compared with the induction produced by SeV infection (Fig. 6C ). Also, we tested the ability of DENV to reduce type I IFN induction in 293T cells when DENV-infected cells were subsequently infected with SeV. We observed a reduction in the levels of luciferase of almost 60% (Fig. 6D) , correlating with strongly decreased levels of IRF-3 phosphorylation when DENVinfected 293T-IFNb-Luc cells were challenged with SeV (Fig. 6E) . In this case, when SeV was added to previously DENV-infected cells, SeV was present in DENV-infected cells and in noninfected cells, with a percentage of infected cells similar to that in the group infected with SeV that was previously mock infected (data not shown). These results indicate that the reduction observed in the luciferase and in the IRF-3-phosphorylated levels was not a consequence of a lack of SeV infectivity. Together these data indicate that DENV is able to block SeV-induced IFN-␤ promoter activation in 293T cells. In order to test the mammalian expression vectors coding for different DENV proteins, 293T cells were cotransfected with each DENV protein-expressing plasmid together with a reporter plasmid expressing the firefly luciferase gene under the control of the IFN-␤ promoter. After transfection, protein expression was corroborated (Fig. 6G) , and IFN-␤ production was triggered by SeV infection. For TLR3-mediated induction, a TLR3 plasmid was included in the initial transfection mix, and IFN-␤ production was triggered with poly(I:C). The results shown in Fig. 6F indicate that expression of the viral protease complex (NS2B3) significantly reduced the IFN-␤ promoter activation induced by both SeV and poly(I:C) to levels in a range similar to the inhibition observed in DENV-infected DCs and 293T cells after a secondary infection with SeV ( Fig. 2F and 6D ). Similar results were observed when the 293T-IFN-␤-Luc cell line was used for the transfections (data not shown).
Active DENV NS2B3 protease is required for type I IFN inhibition. To further map this inhibition by the NS2B3 protease complex, we introduced mutations in the catalytic triad of DENV protease, S135A and H51A, that have been reported to impair protease activity (22, 55) , and we observed that all the mutations introduced impaired the NS2B3 inhibitory effect (Fig. 7A) , suggesting an important role for the protease activity of the NS2B3 protein as an immune antagonist. We further investigated this effect, and we observed that the expression of just the protease domain (NS2B3pro, consisting of the 40 last amino acids of NS2B and the 180 first amino acids of NS3 [55] ) was enough to reduce IFN-␤ promoter activity, and this inhibitory effect was abolished when the S135A mutation was introduced into this protease domain construct (Fig. 7A) . In all cases, the impaired protease activity of the mutated constructs was confirmed by analyzing the absence of NS2B3 self-processing by Western blots (Fig. 7B) . To discard that induction of apoptosis by NS2B3, as has been shown for other flaviviruses proteases (41, 42), could play a role in the inhibitory effect observed at the IFN-␤ promoter level, we analyzed the levels of apoptotic cells (annexin V-positive cells) in 293T cells transfected with the mentioned NS2B3-expressing plasmids (Fig. 7C) . The levels of transfection were similar with all plasmids coding for NS2B3 constructs, reaching 80 to 85% of transfected cells (data not shown). After quantification, no differences were observed within the groups with low levels of annexin V-positive cells, reaching about 20% of apoptotic cells (Fig. 7D) . All together, these data strongly demonstrate a predominant role for the protease domain of DENV NS2B3 in the inhibition of type I IFN induction.
DISCUSSION
Since DCs are an important link between the innate and adaptive immune responses in humans (3, 13, 23) and they have been described as target cells for DENV infection in vivo, we studied the effect that DENV infection had on type I IFN (44) . Since most of the studies looking at type I IFN production with DENV have been done using low MOIs (20, 49) , here we further investigated the effect that the dose of DENV could have on IFN-␣/␤ production. We observed a complete inhibition of IFN-␣/␤ production in DENV-infected DCs at both the RNA and protein levels (Fig.  1C, D , and E) even when large amounts of DENV were used and almost 80% of the cells were infected (Fig. 1A) . We observed a similar result after infection of 293T-IFN-␤-Luc cells with DENV, where DENV was able to replicate efficiently without the activation of the IFN-␤ promoter (Fig. 6A to C) . These results clearly indicate that DENV blocks or does not induce the IFN pathway in infected cells. Several viruses, including some flaviviruses, have been reported to block IFN production in infected cells as an efficient immune evasion mechanism by interfering with the pathway at different levels (4, 9, 51) . However, there is still little evidence about how DENV could be interrupting this pathway. Our recent report showed a lack of IRF-3 phosphorylation after DENV infection of human DCs (44), providing an explanation for the absence of IFN-␣/␤ production seen in those cells.
To further investigate if DENV infection induced a general inhibition of the type I IFN pathway in DCs, we here used NDV and other well-characterized strong stimuli as a trigger of IFN-␣/␤ induction. The fact that NDV was able to infect both DENV-infected and neighboring noninfected DCs (Fig. 3) provides further evidence about the absence of IFN-␣/␤ production after DENV infection of those DCs, since IFN-␣/␤ production would generate an antiviral state, especially in neighboring noninfected cells, where DENV is not present to antagonize IFN signaling, that would impair subsequent infections by other viruses, such as NDV (4, 51) . Interestingly, DENV-preinfected DCs supported NDV replication better than mock-preinfected DCs, although the number of NDVinfected cells did not change (Fig. 3) . This replication enhancement might be due to an IFN antagonist effect of DENV in those cells, including the absence of type I IFN production and the effects of the DENV NS4B and NS5 proteins in the prevention of the antiviral state by antagonism of IFN-dependent JAK-STAT signaling (2, 31, 33, 34) . This finding could have implications for the susceptibility of DENV-infected patients to other blood pathogens, such as HIV or hepatitis C virus (HCV), since a lack of IFN production in those cells may allow a secondary infection to progress more efficiently. The observation that type I IFN gene expression is reduced in DENVinfected DCs and also in 293T cells ( Fig. 2A and B and 6D) after triggering of IFN-␣/␤ production clearly indicates that DENV infection interferes with this pathway. Also supporting this observation is the requirement of DENV replication for this inhibition, since UV inactivation of DENV totally abolishes this inhibition (Fig. 2B ). Since this inhibition was observed after IFN-␣/␤ induction by different pathways (Fig. 2F) , including RIG-I, MDA5, and TLR3, it could indicate that DENV interferes with these pathways by targeting a common component or that DENV may encode additional IFN antagonists targeting each one of those pathways at different levels, as has been described for the WNV E, NS1, and NS2A proteins (9) . In general, virally encoded proteins may have several functions, and the same viral immune antagonist can interfere with several pathways (4, 51) . As an example, the influenza A NS1 protein has multiple functions, such as the inhibition of the type I IFN system in infected cells, binding and sequestration of dsRNA, interference with host mRNA processing, facilitation of preferential viral mRNA translation, and inhibition of DC activation (12) .
Our data showing DENV interference with IFN-␣/␤ production in infected DCs even at the IFN-␣/␤ RNA level ( Fig. 2A) suggest that DENV infection interferes with the type I IFN production pathway at an upstream step before the induction of gene expression and not at the protein level. The reduction of IRF-3 phosphorylation observed after NDV infection in previously DENV-infected DCs compared to results for only NDV-infected ones (Fig. 2C ) or in DENV-infected 293T cells after SeV infection (Fig. 6E ) supports this hypothesis. Since some DCs exposed to DENV were not infected with DENV but were subsequently infected with NDV (Fig. 3D) , which is able to induce a strong IRF-3 phosphorylation (44) , it may be difficult to show a strong reduction of phosphorylated IRF-3 after NDV infection of previously DENV-infected DCs by Western blotting. Also, it might be difficult to distinguish the contribution to the IRF-3 phosphorylation of each population present in the group of doubly infected DCs. Actually, the 37% reduction observed after quantification of the Western blot densitometry should correspond to the number of DCs that are coinfected with the two viruses (Fig. 3D) . If we assume that equal levels of NDV infection induce similar levels of IRF-3 phosphorylation, the difference observed in IRF-3 phosphorylation between NDV-infected DCs and DENV-NDV-infected DCs cannot be due to a difference in NDV infection levels, since the percentages of NDV-infected cells are similar (Fig. 3D) . Thus, the reduction must be taking place in doubly DENV-and NDV-infected DCs, which are around one-third of the total NDV-infected DCs. Several attempts to address this issue by isolating RNA from sorted cells proved to be unsuccessful due to the poor quality of the RNA after such an aggressive procedure, in which cells needed to also be permeabilized for DENV-specific staining. Nevertheless, we have shown a dramatic reduction of IRF-3 phosphorylation in DENV-infected 293T cells subsequently infected with SeV compared to results for mock-infected 293T cells after SeV secondary infection (Fig. 6E) . This strong reduction can probably be related to the fact that DENV is able to infect around 80% of the 293T cells, increasing the amount of cells that would be able to interfere with the induction of type I IFN elicited by SeV infection.
Furthermore, we provide evidence that DENV-infected DCs are the cells directly involved in this inhibition of type I IFN production. First, increasing the MOI of DENV to infect DCs correlated with a higher reduction of IFN-␣/␤ levels after NDV infection. Although the inhibition seen after infection with a MOI of 25 did not differ from that seen with five times less DENV (Fig. 2D) , these results were in accordance with the levels of infectivity, where no difference in the number of infected cells was observed with those two MOIs (Fig. 1A) . Second, the reduction of type I IFN gene expression was not observed in bystander cells, using a transwell system of paracrine activation of DCs (Fig. 4) (7) . We did not observe differences in IFN-␣/␤ gene expression or protein production after triggering of the IFN pathway with NDV in noninfected DCs cultured in transwell plates sharing the medium with DENV-infected DCs ( Fig. 4D and E) . Thus, we have demonstrated that the inhibition of type I IFN production by DENV occurs only in DCs directly infected with DENV. These results, together with the observation that DENV replication was required for this inhibitory effect, provide some evidence indicating that the reduction in IFN-␣/␤ gene expression after NDV infection in human DCs is mediated by DENV and/or a replication-dependent DENV-induced cellular factor. The inhibition of type I IFN observed when NDV infection was performed 2 h after DENV infection (Fig. 2E) could be mediated by DENV proteins, since DENV replication has been reported to take place as early as 3 h after infection (27) . Thus, because protein translation is required for RNA replication, DENV viral proteins have to be expressed earlier, and thus, a minimum 2-h lapse between infections is needed.
In order to investigate the possible mechanism developed by DENV to interfere with type I IFN production, we tested the potential IFN-␣/␤ antagonist activity of several DENV proteins expressed individually using two different systems. First, DENV proteins were expressed from an NDV vector in human DCs (Fig. 5) , and second, they were expressed from a mammalian expression vector in 293T cells (Fig. 6F) . The 35% inhibition observed in IFN-␤ promoter activity in transfected 293T cells achieved by the NS2B3 protein complex (Fig. 6F) after induction of IFN-␤ production through cytosolic receptors (SeV induction) or TLR3 [poly(I:C) induction] correlates with the inhibition observed after infection with an NDV vector expressing the same construct in DCs (Fig. 5D ) and with the inhibition observed after SeV infection of DENV-infected DCs and 293T cells (Fig. 2F and 6D ). Both NDV and SeV are very strong IFN inducers in DCs, and thus, the potential IFN antagonist of DENV may not be able to completely block such a robust induction. Recently it has been found that DENV replication and assembly are likely taking place in DENVinduced vesicles derived from the ER (52), which could disguise the RNA from detection, leading to poor IFN induction that could be antagonized by a weak antagonist. The lower inhibition observed when the protease complex was expressed from NDV in comparison with the inhibition observed when the cells were previously infected with DENV and then challenged with NDV (compare Fig. 5D with Fig. 2A ) could be explained by the earlier expression of DENV proteins in the latter system, probably before IFN-␣/␤ production triggered by NDV infection. However, during NDV-NS2B3 infection, IFN-␣/␤ production is induced at the same time as or earlier than protein expression, since NDV is a negative-strand virus. Additionally, the requirement of other proteins, specific protein processing, and/or DENV factors in order to achieve an inhibition such as the one observed with DENV in both DCs and 293T cells cannot be discarded ( Fig. 2A and 6D) . As an example, a specific protein processing and maturation requirement has been described to be critical for NS5 IFN antagonist function (2) . Nevertheless, the fact that mutations in the catalytic site of the DENV NS2B3 protease complex impaired the inhibitory effect on type I IFN production and that the expression of the protease domain alone maintained that inhibition strongly demonstrates a predominant role for this protease domain. It is possible that cleavage of some factor related to the IFN production pathway by the NS2B3 protease complex is required for the inhibition of type I IFN production. This type of viral evasion strategy has been described for other viruses of the flaviviridae family, like HCV, whose protease is able to cleave the IPS-1 adaptor protein (25, 29) .
Since it has been reported that expression of NS2B3 from other flaviviruses can induce apoptosis (41, 42) , we performed some experiments to investigate if DENV NS2B3 induced apoptosis and if that may have some effect on the inhibition of type I IFN by NS2B3. None of the cells infected or transfected with vectors coding the NS2B3 protein complex or its mutants showed higher levels of apoptosis than the ones transfected with the controls (Fig. 5E and 7D) .
In summary, this work provides new evidences regarding the mechanisms that DENV has developed to evade the immune response in humans. We have clearly demonstrated that DENV infection interferes with the production of type I IFN in human DCs, resulting in a reduction in the IFN-␣/␤ gene expression mediated by a catalytically active NS2B3 protease complex. Also, this inhibition of type I IFN production is DENV replication dependent and without a bystander effect. These data strongly support the hypothesis that DENV is able to manipulate DCs in order to establish infection in humans. The inhibition of type I IFN production by infected DCs is likely to result in the generation of inefficient adaptive immune responses to this virus in humans and to facilitate subsequent infections by other viruses that may be sensitive to the antiviral effects of type I IFN.
